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ABSTRACT 


Three  round-bottom  models  and  three  hard-chine  models,  with  length- 
beam  ratios  of  3.  ^  ^^nd  5  in  each  group  and  with  constant  displacement, 
were  tested  in  smooth  water  and  in  irregular  wa''es  of  Sea  States  3  and  5- 
The  hard-chine  mode!  and  the  round-bottom  model  of  length-beam  ratio  4  were 
used  to  evaluate  relative  broaching  tendences  in  regular  following  waves. 

The  resistance  data  in  smooth  and  rough  vv/ater  were  expanded  to 
boat  weights  of  55.0CO  pounds.  The  measured  values  of  accelerations,  at 
the  forward  quarter  point  and  LCG  position,  and  of  heave,  are  presented. 

In  the  evaluation  of  relative  broaching  tendencies  in  regular  following 
waves,  experimental  results  were  combined  with  theoretical  results  to 
derive  indices  of  broaching. 


Keywords:  Planing  Hulls.  Seakeeping, 
Resistance,  Porpoising 
Broach i ng 
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NOMENCLATURE 


projected  planing  bottom  area,  excluding  area  of 
external  spray  strips 

maximum  beatn  at  water  line 

local  beam  at  water  lino;  bow 


wave  celerity 
lift  coa  r  f i c i en  t 


side  force  coefficient 


yaw  moment  coefficient  = 


1/2  p 


1/2  p  v^L 


tt  curve  slope  of  rudder 


effective  horsepower 
force 

side  force  due  to  mean  wave  slope 


side  force  due  to  local  wave  slope 


side  force  due  to  wave-body  interaction 


volume  Froude  number  =  -  •  —  ■  - 

V  1/3 

T  g  V 

gravitational  acceleration 


local  draft 


v;ave  double  amplitude 
wave  amp  1 i t  ude 

coefficient  of  accession  to  inertia  in  sway  motion 


LBP,L  length  between  perpend icu lars 

LCG  longitudinal  center  of  gravity  position 
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yaw  moment  due  to  local  wave  slope 

yaw  moment  due  to  wave-body  interaction 

pressure 

radial  distance  to  a  point  in  the  fluid 
rad i us 
s ide  force 

wetted  surface  area  coefficient 

sectional  area  of  hull 
stern 

mode’  speed 

horizontal  cor.iponent  of  wave  orbital  velocity 
perpendicular  to  the  ship  longitudinal  center  line 

coord inates 

yaw  moment 

angle  with  horizontal  of  tangent  to  mean  buttock 
at  stern,  in  degs  v/hen  model  is  advancing  in  water 

displacement  at  rest 

rudder  angl-"  in  degs 

relative  heading  between  ship  and  waves 
wave  length 

longitudinal  distance  from  CG  of  any  section  in  ship 
water  dens  i  ty 
trim  ang 1 e 
velocity  potential 

velocity  potential  due  to  body-wave  interaction 
yaw  angle 

volume  of  displacement  at  rest 
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INTRODUCTION 


Many  reports  on  systematic  studies  of  planing  boats  ha'.e  appeared 
recently.  The  hydrodynamics  of  planing  hulls  in  smooth  V'vater,  for  exam¬ 
ple,  is  extensively  covered  in  a  paper  by  A.  B.  Murray.'  This  paper  dem¬ 
onstrates  the  precise  importance  of  trim  effect  on  the  total  resistance 

of  planing  hulls,  and  of  other  paranietei  s  affecting  the  resistance. 

2  3 

E.  P.  Clements  '  discusses  a  logical  method  of  presenting  experimental 
data,  and  the  effects  on  performance  of  variations  in  some  of  the  primary 
parameters  of  planing  hulls.  E.  P.  Clement  and  C.  W.  Tate  present  resis¬ 
tance  data  for  a  number  of  planing-boat  designs  in  smooth  water,  and  list 
desirable  features  of  stepless  planing-hull  design.  S.  C.  McGown^  empha- 
si7es  seaworthiness  as  an  important  design  consideration  for  high-speed 
small  craft.  Peter  OuCane*^  and  DuCane  and  G.  J.  Goodrich^  describe  experi¬ 
mental  and  theoretical  methods  of  evaluating  broaching  tendencies  of  high- 

g 

speed  hull  forms.  K.  S.  M.  Davidson  presents  a  practical  method  of  deter¬ 
mining  the  broaching  tendency  of  a  ship  in  following  regular  waves. 
Theoretical  study  of  surging  motion  and  broaching  tendencies  in  irregular 

9 

seas  IS  described  by  0.  Grim. 

Only  a  few  experimental  studies  on  the  seakeeping  qualities  of 
planing-hull  models  in  rough  water  (particularly  in  irregu'ar  vjaves)  have 
been  made.  0.  Lueders'^  presents  the  results  of  model  tests  of  two  planing- 
hull  forms  and  a  round-bottom  hull  form,  In  irregular  head  seas. 

Small-craft  designers  are  oi  late  becoming  more  and  more  interested 
in  the  over-all  performance  of  craft  under  actual  sea  conditions.  This 
report  presents  the  results  of  an  experimental  study  on  the  effects  of 
hull  characteristics  of  high-speed  small  craft  on  smooth-water  resistance 
and  on  performance  in  irregular  waves.  The  results  will  help  to  promote 
a  better  understanding  of  hovv  the  two  most  fundamental  parameters  —  hull 
form  and  length-beam  ratio—  affect  smooth-water  resistance  and  behavior 
of  craft  in  Irregular  seas. 
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DESCRIPTION  OF  MODELS 

Six  l/l6-scale  models  vjere  used  in  this  experiment.  Three  of  them, 
Models  4925,  4926,  and  4g27  were  round-bottom  hull  forms,  with  nominal 
length-beam  ratios  of  3,  4,  and  5,  respectively.  The  other  three. 

Models  4928,  2387,  and  4929.  were  hard-chine  vee-bottom  hull  forms,  with 
nominal  L/B  ratios  of  3,  4,  and  5,  respectively.  The  body  plans  and 
profiles  of  these  models  are  shown  in  Figs.  1  through  6. 

The  models,  with  the  exception  of  Model  2387,  were  constructed 
by  the  David  Taylor  Model  Basin.  Model  238?  was  built  by  Davidson  Labora¬ 
tory.  All  models  had  a  displacement  of  13.06  lb  (ship  displacement  of 
55,000  lb)  and  they  were  tested  at  this  displacement  only.  Tables  l-A  and 
l-B,  following,  show  the  character i st i cs  of  the  models. 


TABLE  l-A 

CHARACTERISTICS  OF  ROUND-BOTTOM  MODELS 

Mode  1 s 


4925 

4926 

4927 

Norn i na 1  L/B  ratio 

3 

4 

5 

Length  overa 1 1 

33. 9" 

38.7" 

42.9" 

Length  between  perpendiculars 

31.2" 

35.6" 

40.2" 

Length  at  v/ater  line 

31.2" 

36.05" 

40.45" 

Maximum  beam 

1  1  .25" 

9.69" 

8.56" 

Beam  at  water  1 i ne 

10.5" 

9.035" 

8.0" 

Draft 

2.20" 

2. 30" 

2.39" 

Longitudinal  center  of  gravity 
abaft  amidships  in  7,  of  LBP 

9.9% 

7.9% 

9 . 4% 

Longitudinal  radius  of  gyration, 
in  %  of  LBP 

26% 

26% 

26% 

A 

5.2 

5.3 

5.3 

P 
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TABLE  l-B 


CHARACTERISTICS 

OF  HARD-CHINE 

MODELS 

Models 

/' 

4928 

2387 

4929 

Nominal  L/B  ratio 

3 

4 

5 

Length  overall 

34.0" 

39.0" 

43.0" 

Length  between  perpendiculars 

31.2" 

35.6" 

40.2" 

Length  at  water  line 

31.6" 

36.0" 

40.46" 

Maximum  beam 

11.88" 

10.75" 

9.85" 

Beam  at  water  1 i ne 

10.5" 

9.15" 

8.25" 

Draft 

2.63" 

2.63" 

2.55" 

Longitudinal  center  of  gravity 
abaft  amidships,  in  %  of  LBP 

6.r/o 

6.2% 

5.9% 

Longitudinal  radius  of  gyration 
in  7o  of  LBP 

26% 

26% 

26% 

A 

P 

5.5 

5.5 

5.5 

The  models  were  made  of  pine  and  coated  with  grey  paint.  Basically, 
there  were  two  configurations  for  each  model:  one  without  skeg  and  the 
other  witn  skeg. 

The  profiles  of  hard-chine-hull  model  forms  exhibit  curves  where 
buttock  lines  abaft  midships  are  closo  to  keels,  with  the  radii  of  curva¬ 
ture  pointed  downward;  but  the  corresponding  buttock  lines  of  the  round- 
bottom  hulls  are  straight.  If  one  relates  these  shapes  with  airfoil  sec¬ 
tions,  for  purposes  of  comparison,  they  are  found  to  resemble,  respectively, 
cambered  and  straight  airfoil  sections.  Also,  the  ratio  of  the  vertical 
distance  between  keel  and  water  line,  at  the  forefoot,  to  the  corresponding 
vertical  distance  at  the  transom  is,  for  hard-chine  models,  about  3C% 
greater  than  that  for  round-bottom  models. 

For  the  broach i ng-tendency  evaluation  experiment,  Models  4926  and 
2387  were  fitted  with  twin  rudders.  The  locations  of  the  rudders  for  both 
models  were  identical.  The  arrangement  sketch  of  the  rudders  is  shown  in 
Fig.  37. 
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TEST  CONDITIONS  AND  PROCEDURES 
Smooth-Water  Resistance  Test 

The  smooth-water  resistance  experiment  was  conducted  at  Tank  No  I 
of  the  Davidson  Laboratory;  the  standard  test  apparatus  and  method  des¬ 
cribed  in  an  earlier  paper*  were  used.  Additional  tests  were  conducted 
in  the  Laboratory's  Tank  No.  3,  to  investigate  porpoising  tendency. 

On  each  of  the  six  models,  a  turbulence  stimulation  strut  0.04  in. 
in  diameter  was  located  5  in.  forward  of  the  stem  and  was  immersed  to  keel 
leve 1 . 

Model  4927  (round  bottom,  L/B  of  4)  was  initially  tested  with  a 
spray  strip  covering  only  the  forward  40%  of  the  length.  Photographs  of 
this  configuration  at  f u 1 1 -s i ze-sh i p  speeds  of  25,  30,  35,  40,  45,  and  50 
knots  are  shown  in  Plate  1.  At  speeds  above  35  knots,  water  spray  wetted 
the  sides  of  the  model  all  the  way  up  to  deck  level.  Since  this  was  un¬ 
realistic  for  the  prototype,  the  spray  strip  was  extended  all  the  way  aft, 
to  the  transom.  The  spray  strips  of  Models  4926  and  4927  (round  bottom) 
were  also  extended  to  the  transoms. 

The  smooth-water  resistance  test  was  conducted  for  a  total  of  12 
configurations  —  that  is,  with  and  without  skeg  for  each  of  the  six  models. 
The  static  trim  angles  of  all  models  were  even  keel;  the  water  lines  of 
the  models  coincided  with  the  designer's  water  lines  as  they  appear  in 
Figs.  1  through  6,  Shaft  angles  with  the  horizontal  were  10  deg  for  the 
round-bottom  models  and  10.8  deg  for  the  hard-chinc  models. 

Performance  Test  in  Irregular  Waves 

The  performance  test  in  irregular  waves  was  conducted  at  Tank  No.  3 
of  the  Davidson  Laboratory.  All  six  models  were  tested  without  skegs. 
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Each  model  was  towed  by  a  falling  weight;  transducer  wires  followed 
the  model  through  the  follow-up  servo-carriage.  Each  model  was  balanced 
so  that  the  longitudinal  radius  of  gyration  was  26%  of  its  LBP.  The  models 
were  free  to  heave  and  free  to  pitch  about  the  CG  axis.  Accelerometers 
were  located  at  the  LCG  and  1/9-LBP  aft  of  station  zero.  Turbulence  stimu¬ 
lation  was  not  applied,  either  on  bow  or  ahead  of  model,  for  this  test  in 
waves.  The  following  items  were  measured  and  their  time  histories  recorded 
on  tape; 

1.  Acceleration  at  forward  quarter  point 

2.  Acceleration  at  LCG 

3.  Heave  amplitude  (head  seas  only) 

4.  Waves 

Characteristics  of  irregular  waves  are  summarized  below. 


TABLE  I  I 


CHARACTERISTICS  OF  IRREGULAR  WAVES' 

I rregular  waves( l) 

(Ship  Si ze) 


Average  wave  height 


Average  of  1/10  highest 
wave  heights 

Average  period 


2.47  ft 
4.42  ft 
4,5  sec 


Irregular  waves(2) 
(Ship  Si ze) 

5.50  ft 
9.40  ft 
6.0  sec 


Irregular  waves  (l)  and  (2)  correspond  approximately  tb  Sea  States 
3  and  5,  respectively. 


In  order  to  have  at  least  25  to  30  cycles  of  acceleration  records, 
two  runs  were  made  for  each  speed,  in  the  speed  range  of  40  to  50  knots. 

On  every  run,  the  models  started  from  a  fixed  location  in  the  tank.  For 
the  second  run  in  the  speed  range  of  40  to  50  knots,  a  longer  period  of 
time  was  allowed  to  elapse  between  wave-machine  start  and  model  start,  so 
that  the  wave  program  of  the  second  run  would  be  different  from  that  of  the 
first  run.  Waves  encountered  by  a  model  at  a  given  speed  were  practically 
identical  to  those  encountered  by  any  other  model  at  that  speed.  This  pro¬ 
cedure  was  employed  for  the  sake  of  consistence  and  of  case  in  making  a 
comparison  of  data  for  the  models. 
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Movies  of  selected  portions  of  the  runs  were  taken,  to  record 
observation  of  the  models'  behavior  in  these  irregular  seas. 

Broach i ng-Tendency  Evaluation  Test 

In  order  to  find  static  derivatives  of  side  force  and  yaw  moment 
with  respect  to  yaw  angle,  two  models,  4926  and  2387.  were  towed  with  con¬ 
stant  speeds  in  smooth  water.  The  models  were  free  tr'  heave  and  pitch,  so 
that  they  could  be  in  the  equilibrium  positions  during  a  run.  The  axes  of 
the  dynamometer  measuring  yaw  moment  and  side  force  were  aligned  with  the 
axes  of  the  models  at  the  CG  in  still  water,  and  they  yawed  with  the  models. 
Therefore  the  side  force  was  measured  about  the  ship  axes,  but  the  yaw 
moment  was  measured  about  a  vertical  axis  through  the  CG. 

The  models  were  also  towed  with  constant  speed  in  regular  following 
waves.  The  models'  longitudinal  moments  of  inertia  were  identical  to  those 
noted  during  the  performance  tesc  in  the  irregular  seas. 

The  dimensions  of  the  regular  waves  are  summarized  in  the  table  below. 

T.ABLE  III 

REGULAR  FOLLOWING  WAVES 

Wave  Double  Amplitude 


P.egu  lar 

wave 

(1) 

Wave  Length 

50  ft 

Wave  Length 

1/25 

Regu lar 

wave 

(2) 

50  ft 

1/50 

Regu lar 

wave 

(3) 

100  ft 

1/25 

Regu lar 

wave 

(4) 

100  ft 

1/50 

Originally,  wave-he i ght-to-wave- length  ratios  of  1/20  and  l/40  were 
planned.  However,  because  of  the  limited  capacity  of  the  existing  dyna¬ 
mometer,  wave-he i ght- to-v;ave- 1 ength  ratios  of  1/25  and  1/50  were  selected 
instead.  Both  models  v/ere  tested  in  regular  waves  (I)  and  (3).  but  for  a 
linearity  check  only  Model  23?^  v/as  tested  in  regular  v;aves  (2)  and  (4). 

•n  regular  wave  (I),  speeds  of  the  models  were  1.15  and  1.5  times  the  wave 
speed.  These  speeds  correspond,  respectively,  to  10.9  knots  and  l4.2  knots. 
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in  regular  wave  (3),  speeds  of  the  models  were  0.75,  1.10,  and  1.5  times 
the  wave  speed.  These  speeds  correspond  to  10  knots,  14.8  knots,  and  20 
knots,  respectively.  Originally,  a  maximum  model  speed  of  3  times  the  wave 
speed  for  each  regular  wave  was  planned.  However,  because  the  natural 
frequency  of  yaw-moment  balance  is  toe  close  to  the  exciting  frequencies 
at  these  high  speeds,  the  data  analysis  for  the  runs  in  this  speed  range 
would  have  been  complicated.  Therefore,  these  high-speed  runs  were  not 
made.  The  highest  encounter  frequency  of  the  test  was  approximately  1/5 
of  the  natural  frequency  of  the  yaw-moment  balance.  Hence  no  correction 
for  the  dynamic  response  of  the  dynamometer  was  applied  to  the  amplitude 
data . 

A  few  runs  were  made  without  rudders  for  Model  238/,  in  both  stnooth 
water  and  in  the  waves,  to  see  the  effect  on  the  forces  and  moments. 
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RESULTS  OF  TESTS 
Smoct' h-Water  Resistance  Test 

The  results  of  the  smooth-water  resistance  test  are  presented  in 
Figs.  7  through  12.  Predictions  are  for  salt  water  at  59'^^,  based  on 
Schoenherr's  friction  formulation  for  both  model  and  boat.  The  toughness 
allowance  coefficient  of  0.4x10"’  was  added  to  the  friction  resistance 
coefficient  of  the  prototype.  Figure  7  shows  the  specific  resistance  and 
ot  ,  the  angle  with  the  horizontal  of  the  mean  buttock  at  the  stern,  in 
degrees,  for  each  boat  without  skeg.  Figure  8  shovts  the  specific  resis¬ 
tances  of  the  boats  with  skegs.  The  or  values  aie  the  same  for  a  boat 
with  skeg  and  without  skeg.  The  wetted  area  coefficients  and  the  CG  rise 
coefficients  of  the  models  without  and  with  skegs  are  plotted  in  Figs.  9 
and  10,  respectively.  The  EHP's  of  the  boats  without  and  with  skegs  are 
shown  in  Figs.  11  and  12,  respectively.  The  photographs  of  the  models 
running  in  smooth  water  are  presented  in  Plates  1  through  9- 

Performance  Test  in  Irregular  Waves 

The  results  of  the  performance  test  in  irregular  seas  are  presented 
in  Figs.  13  through  36.  The  specific  resistances  of  the  boats  in  State  3 
head  seas,  State  3  following  seas.  State  5  head  seas,  and  State  5  following 
seas  are  shown,  respectively,  in  Figs.  13,  14,  15.  and  16.  The  resistance 
of  a  boat  in  waves  was  obtained  by  summing  up  the  smooth-water  resistance 
of  the  boat  and  the  product  of  the  cube  of  the  scale  ratio  and  the  added 
model  resistance  in  waves.  Performance  tests  'n  following  irregular  seas 
were  conducted  for  only  three  models:  4926,  4927,  and  2387.  In  these  tests 
it  was  found  that  the  acceleration  levels  in  following  seas  were  relatively 
low,  and  it  was  decided  to  eliminate  tests  of  the  remaining  three  models 
in  f o 1 lowi ng  eas . 

EHP's  of  the  boats  in  State  3  head  seas.  State  3  following  seas. 

State  5  head  seas,  and  Slate  5  following  seas  are  shown  in  Figs.  17,  18,  19, 
and  20  respectively. 
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The  average  values  and  the  average  values  of  l/)0  highest  accelera¬ 
tions,  at  the  forward  quarter  points  of  the  models  in  State  3  head  seas,  are 
plotted  in  Figs.  21  and  22,  respec t i ve ' y .  The  accelerometer  was  located 
at  the  forward  quarter  point  along  the  longitudinal  center  line  on  the 
inner  bottom  of  each  model. 

Figures  23  and  24  show  the  average  values  and  the  average  values  of 
1/10  highest  accelerations,  at  the  LCG  in  State  3  head  seas,  respectively. 
The  accelerometer  was  located  at  the  intersection  of  the  transverse  plane, 
through  the  LCG,  with  the  starboard  inner  side  of  the  hull.  The  models 
were  restrained  from  roll  during  the  per f or.mance  test  in  the  irregular  seas. 

The  average  heave  double  amplitudes  and  the  averages  of  1/10  highest 
heave  double  amplitudes  in  State  3  head  seas  are  shov/n  in  Figs.  25  and  26, 
respectively.  The  average  acceleration  amplitudes  at  the  forward  quarter 
point  and  LCG  in  State  3  following  seas  are  shown  in  Figs.  27  and  28, respec¬ 
tively.  The  average  vertical  accelerations  and  the  averages  of  1/10  highest 
vertical  accelerations,  at  the  forward  quarter  points  of  the  models  in  the 
head  sea  of  State  5.  are  plotted  in  Figs.  29  and  30,  while  the  corresponding 
accelerations  at  the  LCG's  of  the  models  are  shown  In  Figs.  31  and  32,  re¬ 
spectively.  Figures  33  and  34  show,  respectively,  the  average  heave  double 
amplitudes  and  the  average  values  of  1/10  highest  heave  double  amplitudes 
of  the  models  in  State  5  head  seas.  The  average  amplitudes  of  vertical 
accelerations  at  the  forward  quarter  points  and  the  LCG's  of  the  models, 
in  State  5  following  seas,  are  presented  in  Figs.  35  ond  36,  respectively. 

Broach i ng-Tendency  Evaluation  Test 

The  side  force  coefficients  of  Models  4926  and  2387  in  smooth  water 
are  plotted  in  fig.  38.  The  yaw  moment  coefficients  of  the  models  in 
smooth  water  are  plotted  in  Fig.  39  for  the  volume  Froude  numbers  of  0.92, 
1.37i  and  1.83.  The  yaw  moment  coefficients  in  smooth  water  for  the  Froude 
numbers  of  0.97,  1.29,  1.94,  and  2.59  are  plotted  in  Fig.  40,  The  side 
force  coefficient  and  the  yaw  moment  coefficient  are  'defined  as  follows: 
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Figures  ^1  and  42  show  the  side  force  coefficients  and  the  yaw  mo¬ 
ment  coefficients  of  Model  2387  in  regular  waves  (1),  (2),  (3),  and  (4). 
They  are  plotted  against  H/A.,  so  that  the  linearity  of  the  force  and  mo¬ 
ment,  with  respect  to  wave  height,  can  be  easily  checked. 

During  the  broach i ng-tendency  evaluation  test,  the  models  moved 
parallel  to  the  longitudinal  center  line  of  the  tank.  The  model's  yaw 
angle  was  fixed  during  a  run  in  both  smooth  water  and  in  waves.  Therefore, 
measured  side  force  and  yaw  moment  in  waves  are  the  sum  of  two  components: 
one  due  to  relative  model-wave  heading  in  waves  and  the  other  due  to  drift 
angle  in  waves.  These  two  components  could  be  experimentally  determined 
in  Tank  No.  2  of  the  Davidson  Laboratory.  Unfortunately,  however,  the 
speed  capacity  of  the  existing  carriage  could  not  meet  the  speed  require¬ 
ment  of  the  experiment.  Therefore  the  side  force  component  and  the  yaw 
moment  component  due  to  relative  ship-wave  heading  was  estimated  by  the 
theoretical  analysis  which  is  presented  in  the  next  section. 

A  photograph  of  Model  2387,  underway  in  regular  following  waves, 
is  presented  as  the  Frontispiece. 

THEORETICAL  ANALYSIS  OF  THE  FORCES  AND  MOMENTS 
ACTING  ON  A  SHIP  IN  REGULAR  FOLLOWING  WAVES 

Forces  and  moments  can  be  conveniently  separated  into  the  following 
three  components. 

1.  The  force  generated  by  the  mean  inclination  of  the 
water  surface 

2.  The  force  and  moment  produced  by  the  local  slope  of 
the  wave  profile  at  various  stations  along  the  ship 

3.  The  force  and  moment  produced  by  the  inertial  Inter¬ 
action  between  the  ship  and  wave 

For  the  following  analysis,  the  angle  of  heading  0  ,  with  respect 
to  the  normal  to  the  wave  crests,  is  reasonably  small,  so  that  sin6  «  0 
and  cos  9  1.0  , 

When  the  ship  is  advancing  in  following  waves,  so  that  encounter 
frequency  is  much  smaller  than  the  natural  I requency  in  pitch,  the  trim  of 
tfie  ship  at  any  instant  of  time  will  be  essentially  identical  with  the 
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mean  slope  of  the  wave  on  which  the  ship  is  floating.  If  we  designate 
the  trim  angle  in  radians  by  T  and  the  displacement  by  A  ,  there  is  a 
forward-acting  component  of  the  displacement,  in  a  direction  normal  to  the 
wave  crests,  equal  to  At  ;  and  there  is  a  lateral  component  of  this  force 
equal  to  At9  . 

Additional  force  and  moment  are  produced  at  various  stations  be¬ 
cause  of  difference  in  the  water  level  at  the  starboard  side  and  at  the 

ports ide  of  the  hull.  If  the  wave  slope  is  (dy/dx)  ,  then  its  Component 

w 

normal  to  the  ship's  longitudinal  center  line  is  6(dy/dx)^  .  Pressure 
force  difference  between  the  starboard  and  port  sides  of  the  hull,  for  a 
unit-length  strip  section,  will  be 


pgH'b  Pi 


where 


H' 

b 

Pi 


local  draft 
local  beam 
9  (dy/dx) 


Total  force  and  luonient  due  to  the  local  wave  slope  are; 

.b 

Fg  =  Pg  I  H'b  Bidx 


J  H'l 


(1) 


/  "" 


Mg  =  pg  I  H'b  Pixdx 


(2) 


Using  the  notation  of  Fig.  43,  the  velocity  potential  of  the  wave  is 


[¥ 


-  he  e^  'z/A  I  ^  cos6  +  y  sin0  -  ct) 


1 


(3) 


and  the  component  of  horizontal  v;ave  orbital  velocity  perpendicular  to  the 
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dFx  r  i  2tt  p  q  h9  2v  ,  „  . ,  | 

_)  .  - kL_5i - cos  (x  +  y  e  -  ct)^ 

bw  L  (  / 

i  2  P  q  h6  rf  .  2'n  ,  „  .  \  /  1 

-  j  - ^ -  sin-^(x+y  0-ct)i 


/ 


-2Tir  sinQ'/\ 

cos  Of  e  d  Or 


(11) 


Subst  i  tui  ing  Eq.(lO)  into  the  integrand  of  the  last  t^^rm  of  Eq.{n), 


/■ 

J 


2  -2ti  r  stncr/X  . 
cos  a  e  d 


2^r 


TT^r^ 


3  A  "  8A‘ 


(12) 


Therefore , 


,dF\  2  2ti,  ^  xl 

"  - ^ '  cos  ^  (x  +  y  e  -  ct)  I 

bw  L  1  J 

\  4  c  q  he  rr  .  2n  ^  „  .  x )  1  „  rn 

-j - -  5,n^(x+y  e  .  ct)jJX  . 


2‘nr  "n^r® 


3  A  8\2 


(13) 


Retaining  (see  Ref.  11)  up  to  the  square  of  ^  for  the  first  term  and  the 

first  power  of  "t  for  the  coefficients  of  f  in  the  second  term,  and 

K 

neglecting  the  terms  with  the  coefficient  of  0^  , 


(£)  .  2  p  9  h  r 

bw 


n  r  f  r  4Tf  r®  /  2T1  ,  ^  ^ 

®  LI  ^ i  ^ 


r  /Tt  4'nrx  .  2n  ,  .I 

-  -  (j  -  -3t)  s.n  ^  (x  -  ct)  J 


(1^) 


Now,  designating  the  angle  between  the  longitudinal  tangent  to  the  body 
surface  and  the  x  axis  by  P  , 


*■  "  d?  -  V  tan  e 


(15) 
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For  generalized  ship  form,  r  is  to  be  interpreted  as  a  measure  of 
section  area; 


r 


t 


tan  P  = 


I 

(  2ns)  2 


dS 

d§ 


(16) 


The  term  ■'— r —  is  the  virtual  mass  of  the  semi -cy  1  inder  having  a 

^  1 2 
coefficient  of  accession  to  inertia  k'  equal  to  unity.  For  a  ship 

section,  this  term  is  expressed  as  p  S  k'  .  The  term  p  n  r  tan  P  is 

the  derivative  of  p  S  k'  with  respect  to  5  . 

Then,  for  t  =  0  , 


The  total  force  acting  on  the  ship  can  be  expressed  as 


where  b  =  bow 
and  s  =  stern 

Computing  the  integrand  of  Eq.(l8)  at  each  station  of  the  model  and 
integrating  by  the  Simpson's  rule,  one  can  estimate  the  side  force  due  to 
the  inertial  interaction  of  wave  and  ship.  The  coefficient  k*  can  be 
estimated  from  several  of  the  listed  references,  such  as  Refs.  13,  14,  and 

lf>. 
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(19) 


M 


bw 


b 


where  M  =  yaw  moment  due  to  ship-wave  interaction, 
bw  ' 

Integrating  Eq.(19)  in  a  similar  fashion,  one  can  estimat 
ment.  Tables  IV  and  M  on  the  followii'.g  page  summarize  the  force 
components  of  the  models  in  regular  waves  ( l)  and  (3). 


the  mo- 
and  moment 
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TABLE  IV 

SIDE  FORCE  AND  YAW  MOMENT  IN  REGULAR  WAVES  (I) 


Mode  1 

Mode)  Speed 

Wave  Speed 

V' 

(lb) 

(lb) 

K 

bw 

(lb) 

V® 

(  in- 

Mbw/e 

lb) 

4926 

1.0 

-0.003 

-0.0067 

-O.QOI3 

0.195 

0 

0 

4926 

1.50 

-0.008 

-0.0067 

-0.0012 

0.195 

0.096 

2387 

1.0 

-0.003 

-0.0047 

-0.0014 

0.221 

0.070 

2387 

1.50 

-0.0084 

-0.0047 

-0.0016 

0.221 

0.057 

TABLE  V 

SIDE  FORCE 

AND  YAW  MOMENT  IN  1 

REGULAR  WAVES 

(3) 

Model  Speed 

Mode  1 

Wave  Speed 

V" 

F3/e 

bw 

Mg/e 

M,  /e 
bw 

(lb) 

(lb) 

(lb) 

(in- 

lb) 

4926 

0.75 

-0,0047 

-0.  1 1 

-0. 0082 

0.269 

0.236 

4926 

1.0 

-C.OI 

-0.  1 1 

-0.0075 

0.269 

0.251 

4926 

1.50 

-0.01 

-0. 1 1 

-0.0061 

0.269 

0.281 

2387 

0.75 

-0.004 

-0.074 

-0.0045 

0.282 

0.239 

2387 

1.0 

-0.01 

-0.074 

-0.0037 

0.282 

0.252 

2387 

1.50 

-0.0075 

-0.074 

-0.0020 

0.282 

0.277 

In  these  tables,  forces  to  starboard  are  positive;  and  moments  clock¬ 
wise  are  positive. 
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DERIVED  RESULTS 


There  are  two  ways  of  approaching  the  ship-broaching  problem.  The 
first  method  depends  on  the  equations  of  static  equilibrium,  the  second 
on  the  equations  of  motion  in  dynamics.  Solving  of  the  latter  equations 
would  require  values  of  coefficients  of  accession  to  inertia  and  coeffi¬ 
cients  of  damping  of  hull  and  rudder  with  respect  to  yaw  and  yaw  rate. 
Since  all  values  of  these  coefficients  for  the  models  are  not  available  at 
present,  only  the  first  method  will  be  presented  here. 

The  equations  of  static  equilibrium  are 


(20a) 

(20b) 


These  equations  represent  the  physical  situation  only  when  ,  6  , 
and  0  are  small  enough  for  the  force  and  moment  derivatives  to  be  con¬ 
stants  Viithin  this  range.  Under  this  assumption,  ij//9  and  6/9  solved 
from  the  above  equations  could  provide  the  indices  of  static  stability. 

For  a  given  0  ,  the  larger  the  values  of  the  above  two  ratios,  the  poorer 
the  stability.  Values  of  6/0  wi 1 •  provide  immediate  comparison  as  to 
the  rudder  gle  required  to  maintain  equilibrium  in  the  horizontal  plane 
for  the  two  models. 

As  mentioned  previously,  the  direct  data  obtained  from  the  Tank  No.  3 
force  and  moment  test  in  regular  following  waves  consist  of  the  two  compo¬ 
nents.  Theoretical  values  of  the  wave-exciting  force  and  moment  were  sub¬ 
tracted  from  the  direct  data  to  obtain  the  force  and  moment  components  due 
to  yaw  angle  'll  in  waves.  Obviously,  the  theoretical  values  to  be 
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subtracted  from  the  cxper i n)enta 1  maximum  values  had  to  be  evaluated  at  the 
same  phase  as  that  of  the  experiment.  The  maximum  forces  and  moments  al¬ 
ways  took  place  when  the  LCG's  of  the  models  coincided  with  troughs  of 
regular  waves. 

In  order  to  evaluate  the  rudder  force,  the  following  assumptions 
were  made, 

1.  Stream  velocities  at  the  rudder,  for  the  two  models 
for  a  given  model  speed,  are  identical.  The  stream 
velocity  here  is  equal  to  the  algebraic  sum  of  the 
model  speed  and  the  horizontal  component  of  the  mean 
orbital  velocity  of  the  wave  at  the  location  of  the 
rudder . 

dC 

2.  For  both,  (—7=)  -  0.03  per  degree. 

do  r 

3.  The  angle  of  incidence  of  flow  to  the  rudder  is 
equal  to  the  angle  of  rudder  deflection. 

The  above  assumptions  do  not  necessarily  represent  actual  phenomena.  But 
without  detailed  data  for  the  rudder,  and,  particularly,  for  the  comparison 
of  performances  of  the  two  models  with  the  same  rudders,  these  assumptions 
may  be  j  ust i f i ed  . 

Listed  in  Table  VI,  on  the  following  page,  are  dF/df  and 
values  for  the  two  models,  calculated  on  the  basis  of  the  above  assumptions. 
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TABLE  VI 
BF/?!5  and  6M/a6 


Regular  Waves  ( I )  : 


Mode  1 

Model  Velocity 

Wave  Ve loc i ty 

( 1 b/6  deg) 

dM/df: 

{  i n~ 1 b/f  deg) 

4926 

1.15 

0.018 

-0.25 

4926 

1  .50 

0.034 

-0.473 

2387 

1.15 

0.018 

-0.258 

2387 

1.50 

0.034 

-0.488 

Regu lar  Waves (3)  : 

4926 

0.75 

0.0205 

-0.285 

4926 

1  .0 

0.0355 

-0.495 

4926 

1.5 

0.080 

-1.115 

2387 

0.75 

0.0205 

-0.295 

2387 

1  .0 

0.0355 

-0.510 

2387 

i.50 

C.080 

-1.148 

Using  the  theoretically  determined  2>F/d9  and  dM/d9  and  the 
derived  values  of  f(F/3'^  and  SM/d-|'  ,  together  with  3F/d6  and  dM/P'o  as 
listed  in  previous  tables,  Eq.(20a)  and  (20b)  were  solved  for  t/Q  and 
ili/B  .  These  results  are  summarized  on  Table  VII,  on  the  following  page. 
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TABLE  VI I 


6/9  AND 

i^'/e  OF  TWO 

MODELS 

Mode  1  Speed 

Regular 

Mode  1 

Wave  Speed 

6/9 

if/d 

Waves 

^^926 

1  15 

1  .  12 

-0.053 

(1) 

2387 

1.15 

1  .06 

-0.055 

(1) 

4926 

1  .50 

0.62 

-0.014 

(1) 

2387 

1.50 

0.57 

-0.014 

(1) 

4926 

0.75 

2.28 

0,270 

(3) 

23Q1 

0.75 

2.06 

0. 

(3) 

4926 

1 .0 

1 .01 

0.186 

(3) 

2387 

1.0 

0.985 

0.1)1 

(3) 

4926 

1.50 

0.48 

0,156 

(3) 

2337 

1.50 

0.55 

0.05) 

(3) 
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DISCUSSION  OF  RESULTS 
Smooth-Water  Test 

In  Fig.  7,  both  the  specific  resistances  and  the  trim  angle  in  smooth 
water  are  plotted  against  the  Froude  number.  It  vyas  found  that  all  three 
round-bottom  models  and  one  hard-chine  model  (4928  [L/B  =  31)  were  porpois¬ 
ing  in  smooth  water.  The  speed  ranges  in  which  the  models  porpoised,  and 
the  degree  of  porpoising,  are  summarized  below: 


Oscillatory  Pitch  Oscillatory  Heave 

Double  Amplitude  Double  Amplitude 


Mode  1 

L/8 

Froude  No. 

( Degrees ) 

(Sh i p  S i ze  ,  Ft  ) 

4925 

3 

3.1 

1.2 

1.65 

4925 

3 

3.3 

i  .7 

2.40 

4926 

4 

4,0 

.7 

.80 

4926 

4 

4.3 

2.0 

3.00 

4927 

5 

4.85 

2.7 

4.00 

4928 

3 

4.3 

.8 

.40 

4928 

3 

4.49 

1  .2 

.70 

4928 

3 

4.85 

1 .6 

.80 

As  shown  in  the  above  table,  the  oscillatory  pitch  and  heave  ampli¬ 
tudes  increased  with  speed.  In  order  to  prevent  poss'ble  diving  at  higher 
speeds,  the  test  speeds  were  limited  to  Froude  numbers  of  3-3  and  4,3, 
respectively,  for  Models  49?5  and  4926.  Each  model  listed  in  the  above 
table  was  stable  at  the  speeds  slov/er  than  that  corresponding  to  the  small¬ 
est  Froude  number  in  the  table. 

In  the  stable  range  of  operation,  the  hard-chine  hull  forms  shenved , 
in  general,  better  smooth-water  resistance  and  stability  characteristics 
than  the  round-bottom  hull  forms  of  corresponding  L/B.  Among  models  of  the 
same  hull  form,  the  larger  the  L/8  ratio  the  lower  the  rur^ning  trim  angle 
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and  the  less  the  resistance  at  Froude  numbers  below  2.5  -  Model  9929.  with 
L/B  5,  had  the  best  resistance  characteristics  in  smooth  water  throughout 
the  Froude-number  range  tested,  except  at  Froude  num.bers  between  2.5  and 
3.5,  where  Model  9928,  with  L/B  3,  had  the  least  resistance.  The  specific 
resistances  of  the  boats  vjith  skegs,  shown  in  Fig.  8,  indicated  in  general 
that  there  were  approximately  9%  to  8%  res i s tance- i ncreases  over  those  of 
respective  hulls  without  skegs. 

EHP's  in  smooth  water  are  plotted  against  trim  angle  in  Fig.  11-A. 

For  the  low  Froude  numbers  of  1.5  and  1.9,  EHP  diminishes  as  trim  angle  de¬ 
creases.  However,  the  EHF  curves  definitely  show  the  presence  of  minima 
for  the  Froude  numbers  of  2.9  and  3.0  •  The  minina  are  found  at  trim  angles 
of  5  and  9.5  deg,  respectively,  for  the  Froude  numbers  of  2,9  and  3.0  . 

As  mentioned  earlier,  the  curvatures  at  the  bilges  of  the  round- 
bottom  models  are  believed  to  have  developed  suction  at  the  bilges  causing 
the  sides  of  the  models  to  become  wet.  With  aft-extended  spray  strips, 
the  sides  of  these  models  above  the  strips  remained  dry,  but  the  suction 
effect  at  the  bilges  remained.*^  This  effect  causes  a  greater  bow-up 
moment  to  .,ct  on  the  hull  form  than  in  the  case  of  the  bard-chine  hull  form. 
In  addition,  the  distance  between  the  transom  and  the  LCG  of  the  round- 
bottom  hull  was  shorter,  by  approximately  3%  of  the  length,  than  the  corres¬ 
ponding  distance  for  the  hard-chine  hull.  These  two  factors  combined  to 
foake  the  bow-up  trim  moment  and  the  trim  angle  of  the  round-bottom  hull 
larger  than  those  of  the  correspond ing  hard-chine  hull,  and  hence  increased 
the  porpoising  tendency  of  the  round-bottom  hull. 

Performance  Test  in  Irregular  Waves 

A  comparison  of  Fig.  7  ^nd  Fig.  13  shov/s  that,  for  both  types  of 
models,  the  smaller  the  L/B  ratio  the  greater  the  added  resistance  in  waves 
of  State  3  head  seas.  Since  the  resistance  of  a  ship  in  a  seaway  is  greatly 
influenced  by  the  motion  and  acceleration  of  the  ship,  these  data  niust  be 
analyzed  simultaneously.  Fig,  25  shows  that  the  average  heave  amplitudes 
of  the  round-bottom  hulls  were  about  10/.  to  25%  higher  than  those  of  the 
corresponding  hard-chine  hulls,  in  the  speed  range  of  25  to  30  knots.  The 
averages  of  1/10  highest  heave  double  amplitudes  of  the  round-bottom  hulls 
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are  again  larger  than  those  of  the  hard-chine  hulls  by  approximately  15%  to 
35%,  in  the  same  speed  range  —  as  shown  in  Fig.  26.  The  average  and  the 
average  of  1/10  highest  bow  accelerations  show  a  trend  similar  to  that  of 
the  heave  amplitudes  in  State  3  head  seas. 

Since  the  bow-up  trim  aigles  of  the  round-bottom  hulls  in  smooth 
water  were  larger  than  those  of  the  corresponding  hard-chine  hulls  in  the 
above  speed  range,  the  mean  running  trim  of  the  round-bottom  boat  in  waves 
would  be  larger  than  that  of  the  hard-chine  boat  by  nearly  the  same  order 
of  magnitude.  Because  of  this  effect,  the  lift  developed  on  the  bottom  at 
the  forward  quarter  of  the  round-bottom  hull  (when  running  in  head  seas) 
was  larger  than  that  developed  by  the  hard-chine  boat,  with  the  result  that 
the  forward  quarter-point  acceleration  and  the  heave  amplitude  of  the  round- 
bottom  hulls  were  higher  than  those  of  the  hard-chine  boat  in  waves.  For 
example,  as  shown  in  Fig.  21,  the  average  bovj  accelerations  were  2.0,  1.35, 
and  l.ln  for  the  round-bottom  hulls  4925,  4926,  and  4927  respectively,  at 
30-knots  speed  in  State  3  head  seas.  The  corresponding  average  bow  acceler¬ 
ations  for  the  hard-chine  hulls  were  1.4,  1.1  and  l.Og  respectively.  The 
CG  accelerations  in  the  same  head  seas  followed  the  same  trend,  but  the 
amplitudes  were  approximately  50%,  of  those  for  the  bow  accelerations. 

In  State  3  following  seas,  the  acceleration  amplitudes  (Fig.  27)  v;ere 
insignificant  compared  v/ith  those  of  State  3  head  seas.  When  the  course 
changed  from  head  to  following  seas,  the  bow  acceleration  and  the  CG  acceler¬ 
ation  were  reduced  about  one-half  at  30  knots  speed.  An  evaluation  of  the 
models  from  an  over-all  point  of  view  indicated  that  for  the  given  loadings 
and  test  conditions,  the  hard-chine  hulls  with  L/B  5  and  L/B  4  were  to  be 
preferred  over  all  other  hulls  in  State  3  seas. 

The  general  tendencies  outlined  in  the  previous  paragraphs  for  Sea 
State  3  also  apply  for  the  specific  resistances  of  the  models  in  State  5 
sea.  The  average  heave  double  amplitudes  of  the  round-bottom  models  were 
about  15%?  to  kCf/u  higher  than  those  of  the  corresponding  hard-chine  models, 
throughout  the  speed  range  in  State  5  head  sea.  Hov^cver,  among  the  models 
of  each  basic  hull  type,  those  with  L/B  4  had  the  least  heave  double  am¬ 
plitudes.  The  average  for'ward  quarter-point  accelerations  of  the  round- 
bottom  hulls  in  State  5  head  sea  are  consistently  higher  than  those  of  the 
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hard-chine  hulls,  throughout  the  speed  range.  With  respect  to  CG  acceler¬ 
ations  of  the  models  in  this  sea  state,  it  was  found  that  the  round-bottom 
and  hard-chine  hulls  of  the  same  L/B  ratios  showed  almost  identical  accel¬ 
erations  throughout  most  of  the  speed  range,  excepting  the  round-bottom 
models  4926  and  4927.  which  had  the  least  amplitudes  in  the  range  of  20  to 
35  knots.  It  should  be  noted  here  that  the  accelerations  were  very  extreme 
(in  excess  of  4g)  at  the  higher  speeds  in  a  State  5  sea,  thus  making  such 
speeds  impractical  to  attain. 

In  State  5  following  sea,  there  was  difficulty  in  operating  the 
apparatus  for  accelerating  models  in  the  high-speed  range.  In  addition, 
great  irregularities  were  found  in  the  speed  of  models  during  a  run,  due 
to  the  steep  positive  slopes  and  negative  slopes  of  waves  encountered. 
Therefore,  the  maximum  Froude  number  was  limited  to  about  3.5  .  The  accel¬ 
eration  amplitudes  of  the  models  in  State  5  following  sea  were  quite  insignif¬ 
icant  (in  most  runs,  less  than  Ig)  compared  with  those  in  State  5  head  sea. 

Broaching-Tendency  Evaluation  Test 

According  to  the  derived  results  of  the  evaluation  of  broaching 
tendencies  of  Models  4926  and  2387,  the  latter  (hard-chine)  showed  slight 
superiority  over  the  former  (round-bottom)  throughout  the  ranges  of  waves 
and  speeds  covered  in  the  experiment,  except  at  the  sh i p-speed-to-wave-speed 
ratio  of  1.5  in  100  ft  v/aves,  where  the  round-bottom  model  was  better. 

This  comparison  was  based  on  the  assumption  that  rudder  effectiveness  for 
the  two  hulls  was  the  same.  It  can  be  said  that  the  hard-chine  hull  is 
easier  to  steer  in  following  waves,  at  speeds  belov/  20  knots. 

It  was  observed,  during  the  run  of  Model  2387  in  100  ft  x  4  ft  waves 
at  20-knots  speed,  that  this  model  produced  a  considerable  amount  of  water 
spray  around  the  pressure  side  of  the  bow.  The  time  at  which  the  water 
spray  was  observed  coincided  v/ith  the  time  at  which  the  maximum  yaw  moment 
was  recorded.  The  yaw-moment  derivative  for  the  hard-chine  hull,  with 
respect  to  yaw  angle  in  the  waves,  was  larger  than  that  for  the  round-bott  'm 
hull  at  this  speed . 

According  to  Table  VII,  the  values  of  6/9  decrease  as  speed  in¬ 
creases.  This  result  is  based  strictly  on  static  equilibrium.  Peter  OuCane^ 
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showed  that  broaching  tendency  still  exists  even  when  ship  speed  becomes 
faster  than  wave  speed.  When  a  ship  is  in  waves,  rudder  angle  must  be 
continuously  varied  in  order  to  maintain  a  desired  course.  The  faster  the 
ship  speed,  the  more  rapid  the  rudder  movement  must  be.  In  predicting  the 
behavior  of  a  ship  in  a  following  sea,  with  varying  rudder  angle  with  re¬ 
spect  to  time,  one  must  solve  the  dynamic  equat ions  of  motion.  However, 
the  dynamic  equations  of  motion  in  the  horizoni  1  plane  alone  may  not  give 
accurate  ansv/ers,  because  the  forces  and  momer  s  .tc  also  influenced  by 
pitch  and  heave.  It  is  recommended  that,  in  parallel  with  an  experimental 
evaluation  of  broaching  tendency  with  controlled  rudder  in  vjaves ,  the 
motions  of  a  ship  in  an  oblique  following  sea  be  solved  by  setting  up  the 
dynamic  equations  involving  four  modes  of  motion  —  sway  and  heave,  and  the 
two  angular  motions  of  pitch  and  yaw. 

Figure  38  indicates  that  the  side  force  coefficients  of  the  two 
rriodels  4926  and  2387  in  smooth  water  are  very  similar  through  the  speed 
range  and  yaw-angle  range  tested.  It  also  shows  that  the  side  force  co¬ 
efficients  of  the  model  without  rudder  are  somewhat  smaller  than  those  of 
the  model  with  rudder,  as  expected.  Figures  39  and  4C  show  that  the  hard- 
chine  hull  always  has  greater  negative  yaw  moment  coefficients  for  a  given 
yaw  angle  and  speed  Negative  yaw  moment  coefficient  implies  stabilizing 
moment  in  yaw.  It  is  interesting  to  observe  that  the  sign  of  the  yaw  moment 
changes  from  positive  to  negative  at  a  Froude  number  near  1.0  .  These  fig¬ 
ures  show  that  elimination  of  the  rudders  has  a  destabilizing  effect  on  yaw 
moment . 

Linearity  of  the  forces  and  moments  in  regular  waves  can  be  examined 
in  Figs.  4l  and  42.  The  forces  and  moments  for  deriving  the  coefficients  in 
thesi-  ri^  r-^s  are  the  sum  of  the  forces  and  moments  due,  respectively,  to 
relati\3  heading  between  model  and  waves  and  to  the  drift  angle  of  the  mode! 
in  waves.  According  to  the  figures,  the  linearity  of  the  force  and  moment, 
with  respect  to  wave  height,  holds  except  at  waves  with  \/l  2.0  and  model- 
speed-to-wave-speed  ratios  of  1.5  . 

In  deriving  the  equations  for  theoretical  determination  of  the  v;ave- 
exciting  forces  and  moments  on  a  ship  (in  the  preceding  section),  the  effect 
of  heave  motion  was  not  considered.  Hence  there  is  doubt  concerning  the 
accuracy  of  6/0  values  of  the  two  models  at  tl.is  combination  of  speed  and 
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wave,  where  a  nonlinearity  is  present.  Since  the  tendency  of  the  bow  to 
plunge  into  wave  crests  made  the  broaching  condition  worse,  and  since  the 
mean  trim  angles  of  the  models  in  following  waves  were  approximately  the 
same  as  those  ‘  smooth  water  at  the  same  speed,  within  a  hull  group  of 
the  sarne  types,  a  hull  having  large  bow-up  trim  in  smooth  water  would  be 
better  with  respect  to  broaching  tendency  in  following  waves.  Furthermore, 
if  a  boat's  trim  angle  can  be  controlled  so  as  to  prevent  the  bow  from 
plunging  into  a  wave  crest,  or  to  prevent  the  emergence  of  the  bow  from 
water  in  following  waves,  broaching  tendency  will  be  lessened. 

In  summarizing  the  desirable  values  of  trim  angles,  one  may  point 
out  that  there  will  be,  altogether,  two  different  optimum  angles.  At  this 
stage  of  investigation,  it  may  be  fair  to  state  that,  depending  on  dead  rise, 
they  will  be  (in  the  range  of  Froude  numbers  between  2.4  and  3.0); 

1.  Four  to  5  degrees  in  smooth  water 

2.  A  mean  of  3  to  4  degrees  in  head  seas 

Somewhat  more  detailed  study  of  the  effect  of  trim  angle  on  broaching 
tendencies  in  following  seas  is  indicated. 

CONCLUSIONS 

1,  The  round-bottom  models  had  a  tendency  to  porpoise  in  smooth  water, 

and  the  smaller  the  L/B  ratio  the  lower  the  speed  at  which 
porpoising  developed.  The  hard-chine  hulls  had  less  resistance 
than  the  corresponding  round-bottom  hulls  in  the  stable  speed 
range  of  the  tests  in  smooth  water.  For  the  hard-chine  hulls, 
the  larger  the  L/8  ratio  the  less  the  resistance,  through  most 
of  the  Froude-number  range  tested. 

2.  With  respect  to  hull  resistance  in  head  seas  of  State  3  and  State  5, 

for  a  given  L/B  ratio,  the  larger  the  trim  angle,  the  greater 
the  added  resistance  in  waves.  Of  the  round-bottom  models, 
that  with  the  largest  L/B  ratio  had  the  smallest  increase  in 
resistance  due  to  the  presence  of  waves.  The  resistance  in¬ 
creases  in  waves  for  the  hard-chine  hulls  with  L/B  ratios 
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of  4  and  5  were  practically  identical.  The  hard-chine  hull  with 
L/B  5  had  the  preferable  rough-water  resistance  characteristics 
throughout  most  of  the  Froude-number  range  tested. 

3.  In  state  3  head  seas,  the  average  forv/ard  quarter-point  accelera¬ 

tion  was  about  higher  than  the  average  acceleration  at 

the  CG .  For  the  hard-chine  hulls,  the  former  was  1.5g  and 
the  latter  was  0,95g.  at  40  knots.  The  round-bottom  hulls  had 
the  higher  amplitudes  of  acceleration,  at  both  forvv/ard  quarter- 
point  and  CG.  For  both  types  of  hull,  the  accelerations  varied 
inversely  as  the  L/B  ratios,  throughout  most  of  the  speed  range 
tested.  The  above  trend  held  also  for  heave  amplitudes  in 
State  3  head  sea. 

4.  In  following  seas,  the  accelerations  at  the  forward  quarter-point 

and  at  the  CG  were  small  compared  with  those  in  head  seas  of  the 
same  sea  states. 

5.  The  general  trend  of  accelerations  in  State  3  sea  held  also  for 

the  accelerations  in  State  5  sea.  Exceptions  were  that  the 
round-bottom  hulls  with  L/B  4  and  5  had  the  smallest  CG  accel¬ 
erations  in  the  speed  range  between  20  and  35  knots  and  that, 
among  the  models  of  each  hull  type,  the  model  with  L/B  4  had 
the  smallest  heave  amplitude.  The  average  heave  double  am¬ 
plitude  of  the  round-bottom  hull  was  higher  than  that  of  the 
corresponding  hard-chine  hull  by  25^,  in  State  5  head  sea. 

In  this  sea  state,  the  higher  speeds  are  impractical  to  attain, 
because  of  severe  accelerations. 

6.  The  hard-chine  hull  with  L/B  4  required  less  angle  of  rudder 

deflection  than  the  round-bottom  hull  with  the  same  L/B 
ratio,  for  static  equilibrium  in  the  horizontal  plane  in 
following  regular  waves,  through  most  of  the  speed  range. 

However  in  100  ft  x  4  ft  vraves ,  at  a  speed  of  20  knots,  the 
hard-chine  hull  required  the  larger  rudder  deflection.  At 
this  combination  of  'wave  and  speed,  a  nonlinearity  of  the 
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lateral  force  and  yaw  moment,  with  respect  to  wave  height,  was 
found . 


RECOMMENDATIONS 

The  following  studies  are  recommended  for  obtaining  basic  design 
information  on  high-speed  craft  of  planing  or  semi-planing  hull  forms  to 
be  operated  in  smooth  and  rough  water: 

1.  Effects  of  LCG  shift,  stern  flap,  and  afterbody  buttock¬ 
line  curvature  on  the  porpoising  tendencies  of  the  round- 
bottom  models 

2.  Scale  effect  on  porpoising  of  round-bottom  hulls 

3.  Effects  of  a  trim-control  device  on  resistance  in  smooth 
water  and  on  resistance,  seakeeping  quality,  and  broaching 
tendency  in  waves 

k.  Experimental  evaluation  of  the  broaching  tendencies  of 
self-propelled  models  with  controlled  rudders,  in  follow¬ 
ing  seas 

5.  Resistances  and  seakeeping  qualities  of  hybrid-type  hull 
forms  Such  as,  for  example,  the  hard-chine  hull  with 
rounded  bilge  near  the  transom,  or  the  round-bottom  hull 
with  the  hard-chine  neai  the  transom 

6,  Solutions  of  the  dynamic  equations  of  motion  in  the 
horizontal  and  vertical  planes,  for  a  high-speed  boat  in 
oblique  following  seas 
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FIGURE  3.  LINES  OF  MODEL  4927 


FIGURE  7  SPECIFIC  RESISTANCE  AND  Q  OF  MODELS  WITHOUT  SKEGS 
IN  CALM  WATER 


FIGURES.  WETTED  AREA  AND  C.G,  RISE  COEFFICIENTS  OF  MODELS 
WITHOUT  SKEGS  IN  CALM  WATER. 


FIGURE  10.  WETTED  AREA  COEFFICIENTS  OF  MODELS  WITH  SKEGS  IN 

CALM  WATER 
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FIGURE  I  I 


EHP's  OF  SHIPS  WITHOUT  SKEGS  IN  CALM  WATER 
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FIGURE  12.  EHP's  OF  SHIPS  WITH  SKEGS  IN  CALM  WATER 
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FIGURE  13.  SPECIFIC  RESISTANCE  IN  AHEAD  SEA  STATE  3. 
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FIGURE  15.  SPECIFIC  RESISTANCE  IN  AHEAD  SEA  STATE  5. 
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FIGURE  21.  AVERAGE  BOW  ACCELERATION  IN  STATE  3- HEAD  SEAS 
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FIGURE  22.  AVERAGE  OF  l/IO  HIGHEST  BOW  ACCELERATIONS  IN  STATE 
HEAD  SEAS. 
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ROUND  fO  4926 


FIGURE  28.  AVERAGE  C.G.  ACCELERATION  IN  STATE  3- FOLLOWING  SEAS. 
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pi  4925  3 

ROUND  Jo  4926  4 
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FIGURE  29  AVERAGE  BOW  ACCELERATION  IN  STATE  5 -HEAD  SEAS. 
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FIGURE  5^  AVERAGE  OF  l/IO  HIGHEST  C.G  ACCELE  RATIONS  IN  STATE  5-  HEAD  SEAS. 
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MODEL  L/B 


FIGURE  34.  AVERAGE  OF  1/10  HIGHEST  HEAVE  DOUBLE  AMPLITUDE  IN  STATE  5-HEAD  SEAS 
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FIGURE  36.  AVERAGE  C.G.  ACCELERATION  IN  STATE  5-  FOLLOWING  SEAS 
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FIGURE  37  GEOMETRY  AND  LOCATION  OF  RUDDERS 


FIGURE  39.  YAW  MOMENT  COEFFICIENTS  OF  MODELS  IN  CALM  WATER 


FIGURE  41.  DOUBLE  AMPLITUDES  OF  SIDE  FORCE  IN  WAVES. 


FIGURE  42.  DOUBLE  AMPLITUDES  OF  YAW  MOMENT  IN  WAVE S 


MODEL  4927  WriH  SPRAY  STRIP  COVERING  ONLY 
40  PERCENT  FORWARD  LENGTH 

PLATE  1 


SPEED  35  KNOTS  SPEED  40  KNOTS 


MODEL  4925 


MODEL  4928 
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MODEL  4929 


SPEED  20  KNOTS 
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PLATE  3 


MODEL  4927  MODEL  4929 


SPEED  25  KNOTS 


SPElD  30  KNOTS 


PLATE  5 


SPEED  4  5  KNOTS 


PLATE  8 


MODEL  4927 


MODEL  4929 


TEST  FOR  BROACHING  TENDENCY  EVALUATION 

model  23B7  IN  rOLLOWING  REGULAR  WAVES  UOOET  VAFTj 
SPEED  20  knots 


